Nitric oxide (NO) and polyamines are critical for implantation and development of conceptuses (embryo and extraembryonic membranes), but mechanisms regulating their biosynthesis in uteri and conceptuses are largely unknown. This study determined the effects of the estrous cycle, pregnancy, progesterone, and interferon tau (IFNT) on expression of NO synthases (NOS1, NOS2, and NOS3), guanosine triphosphate (GTP) cyclohydrolase (GCH1, the key enzyme in de novo synthesis of tetrahydrobiopterin, a cofactor for NO production), and ornithine decarboxylase (ODC1) in uterine endometria in cyclic ewes (Days 10-16) and pregnant ewes (Days 10-20). The mRNAs and proteins for NOS1 and ODC1 were most abundant in uterine luminal (LE) and superficial glandular (sGE) epithelia, and abundance was affected by day of estrous cycle and early pregnancy. NOS2, GCH1, and NOS3 mRNAs were detected in very low abundance in uterine epithelia and stromal cells in both cyclic and pregnant ewes. NOS1 mRNA also was expressed very weakly in conceptuses, whereas NOS3 mRNA was abundant in the trophectoderm and endoderm of conceptuses, as were total NOS1 and NOS3 proteins, inhibitory p-NOS1 protein, and stimulatory p-NOS3 protein. GCH1 mRNA was abundant in the trophectoderm and endoderm of conceptuses between Days 13 and 15 of pregnancy and then decreased thereafter, whereas ODC1 mRNA abundance increased in conceptuses between Days 13 and 18 of pregnancy. GCH1 protein was localized primarily in the nuclei of trophectoderm and endoderm, and its abundance decreased after Day 14 of pregnancy, whereas ODC1 protein was more abundant in the trophectoderm than in the endoderm between Days 13 and 18 of pregnancy. Progesterone stimulated NOS1 and GCH1 expression in LE/ sGE and glandular epithelia, whereas IFNT inhibited NOS1 expression in these cell types. Thus, biosynthesis of NO and polyamines in ovine uterine endometria and conceptuses is potentially regulated at transcriptional, translational, and posttranslational levels to favor conceptus development and implantation.
INTRODUCTION
L-arginine, a nutritionally essential amino acid for the conceptus (embryo/fetus and associated membranes) [1] , is catabolized to nitric oxide (NO) and polyamines (putrescine, spermidine, and spermine), which are important for implantation [2] [3] [4] , embryonic survival, and development, as well as trophoblast outgrowth and cell migration [5, 6] . After implantation, NO plays an important role in regulating uteroplacental-fetal blood flows and transfer of nutrients and oxygen from mother to fetus [7] . As the key regulators of DNA and protein synthesis and scavengers of reactive oxygen species [8] , polyamines regulate cell proliferation and differentiation [9] . Thus, NO and polyamines are essential to angiogenesis and embryogenesis, as well as fetal-placental growth [10] . In support of this view, we reported recently that total recoverable arginine in uterine luminal fluid of ewes increased 8-fold between Days 10 and 16 of pregnancy [11] .
Nitric oxide synthase (NOS) and ornithine decarboxylase (ODC1) are key enzymes in the synthesis of NO and polyamines, respectively, from L-arginine [1] . Nitric oxide can be produced by neuronal (NOS1), inducible (NOS2), and endothelial (NOS3) isoforms of NOS. These NOS isoforms, encoded by distinct genes [12] , affect physiological functions, cellular compartments, and regulation of function through distinct cell signaling pathways [13] . Tetrahydrobiopterin (BH4) is an essential cofactor for all NOS isoforms through its allosteric, structural, and redox-active effects [14] . Guanosine triphosphate (GTP) cyclohydrolase (GCH1) catalyzes the first, rate-controlling step in de novo synthesis of BH4 [15] . The enzyme ODC1 catalyzes decarboxylation of ornithine to yield putrescine, which is subsequently converted to spermidine and spermine [16] .
To date, different isoforms of NOS have been identified in the endometria of mice [17] , rats [18] , and mares [19] during the estrous cycle, and in humans [20, 21] during the menstrual cycle, pregnancy, or premenopausal and postmenopausal stages. Among these species of mammals, the various isoforms of NOS exhibit differential temporal and spatial expression in uterine endometrium [17] [18] [19] [20] [22] [23] [24] [25] and respond differentially to regulation of expression by progesterone (P4) and/or estrogen [17, 22, [26] [27] [28] [29] [30] . In sheep, activities of NOS3 and NOS2 increase in the placenta and uterine endometria during early and mid gestation [31] , whereas ODC1 activity peaks in midpregnancy in the placenta and uterine endometrium [32] . However, little is known about changes in gene expression of key enzymes for NO and polyamine syntheses in uterine endometria or conceptus in ruminants, including sheep, during the peri-implantation period. The present study was conducted to test the hypothesis that expression of NOS, GCH1, and ODC1 in ovine uterine endometria and conceptus is affected by pregnancy status, P4, and interferon tau (IFNT).
MATERIALS AND METHODS

Animals
Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the presence of vasectomized rams and used in experiments only after they had exhibited at least two estrous cycles of normal duration (16-18 days) . All experimental and surgical procedures were in compliance with the Guide for the Care and Use of Agriculture Animals and were approved by the Institutional Animal Care and Use Committee of Texas A&M University.
Experimental Designs Experiment 1. Ewes were assigned randomly on Day 0 (estrus/mating) to cyclic status and mated only to vasectomized rams or to pregnant status and mated to intact rams when detected in estrus and at 12-h intervals thereafter until the end of estrus. Ewes were hysterectomized (n ¼ 5 ewes per day per status) on either Day 10, 12, 14, or 16 of the estrous cycle or Day 10, 12, 14, 16, 18, or 20 of pregnancy as described previously [33] . On Days 10-16 of pregnancy, each uterus was flushed with 20 ml of sterile 10 mM Tris buffer (pH 7.0), and pregnancy was confirmed by the presence of a morphologically normal conceptus in the uterine flush. Sections (;0.5 cm) from the midportion of each uterine horn ipsilateral to the corpus luteum (CL) were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2) for 24 h and in 70% ethanol for 24 h. The fixed tissues were dehydrated through a graded series of alcohol to xylene and then embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO). The remaining endometrium was physically dissected from myometrium, frozen in liquid nitrogen, and stored at À808 C for subsequent RNA extraction. Experiment 2. At estrus (Day 0), ewes were mated to fertile rams. On Days 13, 14, 15, and 16 of pregnancy (n ! 5 ewes per day), uteri were flushed with sterile 10 mM Tris buffer (pH 7.0) after ewes were subjected to a midventral laparotomy to expose the uterus, and conceptuses were collected from uterine flushings. On Days 18 and 20 of pregnancy, ewes were hysterectomized (n ¼ 5 ewes per day), and conceptuses were physically separated from uterine tissues. All conceptuses were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2) and then embedded in Paraplast-Plus as described in experiment 1.
Experiment 3. Twenty cyclic ewes were ovariectomized and fitted with intrauterine catheters on Day 5 after estrus as described previously [34] . Ewes were assigned randomly (n ¼ 5 ewes per treatment) to receive daily i.m. injections of P4 (Sigma Chemical Co.) or P4 and a progesterone receptor (PGR) antagonist (ZK 136,317; Schering AG, Berlin, Germany) and intrauterine infusions of either control serum proteins or recombinant ovine IFNT as follows: 1) 50 mg of P4 (Days 5-16) and 200 lg of control (CX) serum proteins (Days 11-16; P4 þ CX); 2) P4 and 75 mg of ZK 136,317 (Days 11-16) and CX proteins (200 lg; P4 þ ZK þ CX); 3) P4 and IFNT (2 3 10 7 antiviral units; Days 11-16; P4 þ IFN); or 4) P4 and ZK and IFNT (P4 þ ZK þ IFN). The recombinant ovine IFNT was prepared in a yeast bacterial system and assayed for biological activity using an antiviral assay [35] , and control serum proteins and IFNT were prepared for intrauterine injections as described previously [36] . All ewes were hysterectomized approximately 12 h after the last injection, and uteri were processed as described for experiment 1.
RNA Isolation
Total cellular RNA was isolated from frozen endometrium from the uterine horn ipsilateral to the CL (experiment 1) and from intrauterine infused horns (experiment 3) using Trizol reagent (Gibco-BRL) according to manufacturer's recommendations. The quantity and quality of total RNA were determined by spectrometry and denaturing agarose gel electrophoresis, respectively.
Cloning of Partial cDNAs for Ovine NOS1, NOS2, NOS3, GCH1, and ODC1
Partial cDNAs for ovine NOS1, NOS2, NOS3, GCH1, and ODC1 mRNAs were amplified by RT-PCR using total RNA from the endometrium from ewes on Day 20 of pregnancy. The primer designs are presented in Table 1 . Polymerase chain reaction amplification was as follows: 1) 958C for 2 min; 2) 958C for 30 sec, 508C for 45 sec, and 728C for 1 min for 35 cycles; and 3) 728C for 7 min. Partial ovine NOS1, NOS2, NOS3, GCH1, and ODC1 cDNAs were cloned into pCRII using a T/A Cloning Kit (Invitrogen), and their sequences were verified using an ABI PRISM Dye Terminator Cycle Sequencing Kit and an ABI PRISM automated DNA sequencer (Perkin-Elmer Applied Biosystems).
Slot Blot Hybridization Analyses
Steady-state mRNA levels for NOS1, NOS3, GCH1, and ODC1 mRNAs in ovine endometria from experiments 1 and 3 were assessed by slot blot hybridization as described previously [37] . Radiolabeled antisense cRNA probes were generated by in vitro transcription with [a-32 P]-UTP. Denatured total endometrial RNA (20 lg) from each ewe was hybridized with radiolabeled antisense cRNA probes. To correct for variation in total RNA loading, a duplicate RNA slot membrane was hybridized with radiolabeled antisense 18S cRNA (pT718S; Ambion). After washing, the blots were digested with ribonuclease A, and radioactivity associated with slots was quantified using a Typhoon 8600 MultiImager (Molecular Dynamics).
In Situ Hybridization Analyses
Localization of NOS1, NOS2, NOS3, GCH1, and ODC1 mRNA in sections (5 lm) of the ovine uteri and conceptuses was determined by radioactive in situ hybridization analysis as described previously [37] . Briefly, deparaffinized, rehydrated, and deproteinated uterine tissue sections were hybridized with a [a- 35 S]-UTP radiolabeled antisense or sense cRNA probe. After hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 liquid photographic emulsion (Kodak) and exposed at 48C for 1-4 wk. Slides were developed in Kodak D-19 developer, counterstained with Gill hematoxylin (Fisher Scientific), and then dehydrated through a graded series of alcohol to xylene. Coverslips then were affixed with Permount (Fisher). Images of representative fields were recorded under brightfield and darkfield illumination using a Nikon Eclipse 1000 photomicroscope (Nikon Instruments Inc.) fitted with a Nikon DXM1200 digital camera.
Immunohistochemical Analyses
Immunohistochemical localization of NOS1, phosphorylated NOS1 (inhibitory phosphorylation site at Ser852), NOS3, phosphorylated NOS3 (stimulatory phosphorylation site at Ser1177), GCH1, and ODC1 proteins in ovine uteri and conceptuses was performed as described previously [38] in tissue sections from experiments 1 through 3 with rabbit anti-rat NOS1 polyclonal immunoglobulin G (IgG; catalog no. 610310; BD Transduction Laboratories, Franklin Lakes, NJ), rabbit anti-phosphorylated NOS1 (Ser 852) polyclonal IgG (catalog no. sc19826-R; Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-NOS3 polyclonal IgG (catalog no. 610297; BD Transduction Laboratories), rabbit anti-phosphorylated NOS3 (Ser1177) polyclonal IgG (catalog no. 9571; Cell Signaling Technology, Danvers, MA), and rabbit antirat GCH1 polyclonal IgG (produced by Drs. C. J. Meininger and G. Wu, Texas A&M University, College Station, TX), purified on a Protein A/G Spin Kit (catalog no. 89980; Thermo Scientific), as well as rabbit anti-ODC1 polyclonal IgG (catalog no. HPA001536; Atlas Antibodies AB, Stockholm, Sweden) at final concentrations of 2 lg/ml, 2 lg/ml, 1 lg/ml, 2 lg/ml, 2 lg/ml, and 0.5 lg/ ml, respectively. Antigen retrieval was performed using boiling 0.01 M sodium citrate buffer (pH 6.0), and purified nonrelevant rabbit or mouse IgG was used as a negative control to replace the primary antibody at the same final concentration. Immunoreactive protein was visualized in sections using the VECTASTAIN ABC Kit (catalog nos. PK-6101 for rabbit IgG and PK-6102 for mouse IgG; Vector Laboratories Inc., Burlingame, CA) according to kit instructions and 3,3 0 -diaminobenzidine tetrahydrochloride (catalog no. D5637; Sigma-Aldrich, St. Louis, MO) as the color substrate. Sections were not counterstained before affixing coverslips. 
Statistical Analyses
All quantitative data were subjected to least-squares regression ANOVA using the general linear models procedures of the Statistical Analysis System (SAS Institute). Slot blot hybridization data were corrected for differences in sample loading using 18S rRNA values as the covariate. Data from experiment 1 were analyzed for effects of day, pregnancy status (cyclic or pregnant), and their interactions. Within pregnancy status, least-squares regression analyses were used to determine the effects of day on endometrial mRNA levels. Data from experiment 3 were analyzed for effects of treatments. Preplanned orthogonal contrasts were used to determine main effects of treatment. All tests of significance were performed using the appropriate error terms according to the expectation of the mean squares for error. A P value of 0.05 or less was considered significant, whereas a P value of 0.06 to 0.10 was considered to indicate a trend toward significance. Data are presented as least-square means (LSM) and SEM.
RESULTS
Effects of Day of the Estrous Cycle and Early Pregnancy on NOS1, NOS2, NOS3, GCH1, and ODC1 mRNAs in Ovine Endometria and Conceptuses
Slot blot hybridization analyses revealed temporal changes in steady-state levels of mRNAs for NOS1, NOS3, GCH1, and ODC1 in uterine endometria during the estrous cycle and early pregnancy. Endometrial NOS1 mRNA levels were affected by day and day-by-pregnancy status interaction (P , 0.05; Fig.  1A ). In cyclic ewes, endometrial NOS1 mRNA was most abundant on Days 10 and 12, and then it decreased to Day 16 (linear effect of day, P , 0.001). In pregnant ewes, NOS1 mRNA levels decreased from Days 10 to 14, remained low to Day 18, and then increased 1.7-fold to Day 20 (quadratic effect of day, P , 0.001; Fig. 1A ).
Steady-state levels for endometrial NOS3 were not affected by a day-by-pregnancy status interaction (P ¼ 0.4). Endometrial NOS3 mRNA abundance was not affected by day of the estrous cycle (P ¼ 0.2), whereas NOS3 decreased 1.5-fold between Days 12 and 18, and then it increased 1.5-fold to Day 20 (cubic effect of day, P , 0.05) during pregnancy (Fig. 1B) .
Steady-state levels of endometrial GCH1 mRNA were affected by status (P , 0.01) because of higher levels in pregnant than cyclic ewes, but effects of day (P ¼ 0.4) and dayby-pregnancy status interaction (P ¼ 0.7) were not detected (Fig. 1C) .
Steady-state levels for endometrial ODC1 mRNA (Fig. 1D ) were affected by both day of the estrous cycle and pregnancy (P , 0.001) but not by pregnancy status (P ¼ 0.18) or day-bypregnancy status interaction (P ¼ 0.21). In cyclic ewes, ODC1 mRNA levels decreased from Day 10 to Day 14 and then increased 2.4-fold to Day 16 (quadratic effect of day, P , 0.01). In pregnant ewes, ODC1 mRNA levels also decreased from Day 10 to Day 14, and they then increased 1.9-fold between Days 14 and 16, and another 1.4-fold from Day 16 to Day 20 (quadratic effect of day, P , 0.05).
In situ hybridization analyses determined cell-specific expression of NOS1, NOS3, GCH1, and ODC1 mRNAs in the uteri of cyclic and pregnant ewes, as well as periimplantation conceptuses (Figs. 2 and 3 ). NOS1 mRNA was detected primarily in uterine luminal epithelium (LE) and shallow glandular epithelium (sGE) of cyclic and pregnant ewes, and it was in very low abundance in extraembryonic endoderm and trophectoderm of conceptuses between Days 14 and 20 of pregnancy ( Fig. 2A) . NOS1 mRNA was most abundant in LE/sGE on Days 10 and 12 of the estrous cycle and Day 10 of pregnancy, and it then decreased in abundance up to Day 16 in both cyclic and pregnant ewes, but its expression increased in sGE and GE between Days 18 and 20 of pregnancy.
NOS2 mRNA was barely detectable in LE, GE, and stroma of cyclic and pregnant ewes. Notably, NOS2 mRNA was detected in unidentified cells in caruncular stroma that were adhered to conceptus trophectoderm on Day 20 of pregnancy (shown in higher magnification in Supplemental Fig. S1 , available online at www.biolreprod.org). NOS2 mRNA also was detected in trophectoderm and endoderm of conceptuses from Days 13 to 18 of pregnancy (Supplemental Fig. S1 ).
The abundance of mRNAs for NOS3 (Fig. 2B) and GCH1 (Fig. 3A) was very low in LE, GE, stroma, and endothelial FIG. 1. Slot blot hybridization analyses of steady-state levels of mRNAs for NOS1, NOS3, GCH1, and ODC in endometria of cyclic and pregnant ewes. A) NOS1 mRNA levels were affected by day, status, and their interaction (Days 10-16, P , 0.05). NOS1 mRNA levels were affected by day of both the estrous cycle (linear effect of day, P , 0.001) and pregnancy (quadratic effect of day, P , 0.001). B) NOS3 mRNA levels were not affected by day in cyclic ewes but were affected by day in pregnant ewes (cubic effect of day, P , 0.05). C) GCH1 mRNA levels were higher in pregnant than in cyclic ewes (P , 0.01), but there were no effects of day (P ¼ 0.4) and day-by-status interaction (P ¼ 0.7). D) ODC1 mRNA levels were affected by day of the estrous cycle (quadratic effect of day, P , 0.01) and pregnancy (quadratic effect of day, P , 0.05). Data (relative units [RU] ) are expressed as LSM 6 SEM.
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cells of blood vessels in both cyclic and pregnant ewes; however, NOS3 mRNA was detectable in endothelial cells of the blood vessels on Days 14 and 16 of the estrous cycle as shown at at high magnification in uterine endometrium from ewes at Day 14 of the estrous cycle (Fig. 2B) . NOS3 mRNA was abundant in extraembryonic endoderm and trophectoderm (Fig. 2B) .
GCH1 mRNA abundance was low but dectectable in all endometrial cell types in both cyclic and pregnant endometria (Fig. 3A) . In contrast, GCH1 mRNA was abundant in
In situ hybridization analyses for NOS1 and NOS3 mRNAs in endometria from cyclic (C) and pregnant (P) ewes. A) NOS1 mRNA was detected in LE/sGE and GE of cyclic and pregnant ewes, as well as in extraembryonic endoderm and trophectoderm of conceptuses between Days 14 and 18 of pregnancy. B) NOS3 mRNA was weakly detected in LE, GE, and stroma of both cyclic and pregnant ewes and was abundant in endothelial cells of blood vessels on Days 14 and 16 of the estrous cycle. NOS3 mRNA also was weakly detected in the extra\embryonic endoderm and trophectoderm in conceptuses. LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; S, stroma; EN, endothelial cell; Tr, trophectoderm; En, endoderm. Bar ¼ 10 lm.
FIG. 3.
In situ hybridization analyses of GCH1 and ODC1 mRNAs in endometria of cyclic (C) and pregnant (P) ewes and in conceptuses. A) GCH1 mRNA was abundant in the endoderm and trophectoderm of conceptuses at Days 13 to 15 of pregnancy but was less abundant between Days 16 and 20 of pregnancy. GCH1 mRNA was weakly detectable the uterine endometria of cyclic and pregnant ewes on all days. B) ODC1 mRNA was abundant in the LE/sGE and GE of cyclic ewes and the LE/sGE of pregnant ewes, as well as the endoderm and trophectoderm of conceptuses between Days 13 and 18 of pregnancy. LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; S, stroma; Tr, trophectoderm; En, endoderm. Bar ¼ 10 lm. 70 endoderm and trophectoderm of conceptuses from Days 13 to 15 of pregnancy but was much less abundant after Day 16 of pregnancy (Fig. 3A) .
ODC1 mRNA was most abundant in LE/sGE but also was detectable in GE of cyclic and pregnant ewes (Fig. 3B) . ODC1 mRNA was abundant in the endoderm and trophectoderm of conceptuses and increased in trophectoderm between Days 14 and 18 of pregnancy (Fig. 3B) .
Immunohistochemical Analysis of NOS1, p-NOS1, NOS3, p-NOS3, GCH1, and ODC1 Protein in Ovine Endometria and Conceptuses 
FIG. 5.
Immunohistochemical localization of GCH1 and ODC1 proteins and corresponding phosphorylated proteins in endometria of cyclic (C) and pregnant (P) ewes. GCH1 protein (A) and ODC1 (B) were detectable in uterine LE/sGE and GE in both cyclic and pregnant ewes and in trophectoderm and endoderm of conceptuses at Days 13-18 of gestation. LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; S, stroma; Tr, trophectoderm; En, endoderm. Bar ¼ 10 lm.
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pregnancy, NOS1 protein was detectable in LE/sGE and GE (Fig. 4A) . Immunoreactive Ser852 phosphorylated NOS1 protein (inhibitory p-NOS1) was abundant in LE/sGE and GE on Day 10, decreased in abundance on Days 12 and 14, and then increased to Day 16 of the estrous cycle. In pregnant ewes, p-NOS1 protein was abundant in LE/sGE and GE, and it underwent similar temporal changes to the estrous cycle between Days 10 and 16. Protein expression remained abundant through Day 20 of pregnancy in LE/sGE and GE (Fig. 4B) . In conceptuses, immunoreactive NOS1 protein and p-NOS1 protein were present in both extraembryonic endoderm and trophectoderm between Days 10 and 18 but were less abundant in endoderm (Fig. 4, A and B) .
Immunoreactive NOS3 protein was detected at high levels in uterine LE/sGE, GE, and stroma on Day 10 of the estrous cycle. Protein expression in LE/sGE, GE, and stromal cells decreased between Days 10 and 12 but was maintained in all cell types through Day 16 of the cycle (Fig. 4C) . In pregnant ewes, NOS3 protein was abundant in LE/sGE, GE, and stroma on Days 10 and 12 but decreased thereafter (Fig. 4C) . Immunoreactive Ser1177 phosphorylated NOS3 protein (stim- 6 . Effects of P4 and IFNT on NOS1 expression in ovine endometria. A) Endometrial NOS1 mRNA levels increased 1.8-fold in response to P4 (P4 þ CX vs. P4 þ ZK þ CX, P , 0.05) and decreased in response to IFNT (P4 þ CX vs. P4 þ IFN, P , 0.01), and these effects were blocked by the PGR antagonist ZK (P4 þ ZK þ CX vs. P4 þ ZK þ IFNT, P ¼ 0.5). Different letters denote significant differences among the treatments. B) In situ hybridization analysis of NOS1 mRNA revealed that P4 stimulated and IFNT inhibited NOS1 expression in endometrial LE/sGE and shallow GE. C and D) Immunohistochemical analysis for total NOS1 (C) and p-NOS1 proteins (D). Total NOS1 and p-NOS1 proteins appeared most abundant in ewes treated with P4 and lowest in those treated with both P4 and ZK. In the presence of P4, IFNT appeared to reduce total NOS1 and p-NOS1 protein levels. In addition, overall P4 appeared to have the greatest effect on p-NOS1 abundance in endometrial LE/sGE and GE. LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; S, stroma. Bar ¼ 10 lm.
FIG. 7. Effects of P4 and IFNT on GCH1 expression in ovine endometria.
A) Endometrial GCH1 mRNA in endometria was 2.4-fold higher (P , 0.01) in ewes treated with P4 þ CX than in ewes treated with P4 þ ZK þ CX, and it was 4.0-fold higher (P , 0.01) in ewes treated with P4 þ IFNT than in ewes treated with P4 þ ZK þ IFN. However, there was no difference in values from ewes treated with P4 þ CX and P4 þ IFNT (P ¼ 0.8). Different letters denote significant differences among the treatments. B) In situ hybridization analysis of GCH1 mRNA detected effects of P4 and IFNT on GCH1 mRNA primarily in endometrial LE/sGE and GE. C) Immunohistochemical analysis of GCH1 protein suggested that P4, in the presence or absence of IFNT, stimulated GCH1 protein expression primarily in endometrial LE/sGE and GE. LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; sGE, superficial glandular epithelium; S, stroma; IFN, interferon tau. Bar ¼ 10 lm. 72 ulatory p-NOS3) was detected in LE/sGE and GE on Days 10 and 12 of the estrous cycle and pregnancy, but it generally decreased thereafter in cyclic and pregnant ewes (Fig. 4D) . In conceptuses, immunoreactive NOS3 protein and p-NOS3 protein were detected in trophectoderm, and to a lesser extent in extraembryonic endoderm, between Days 10 and 18 (Fig. 4,  C and D) . Immunostaining for p-NOS3 was strong in nuclei of trophectoderm cells on Days 13 to 15 but weak on Days 16 and 18 of gestation as shown at higher magnification for conceptuses from Days 15 and 16 (Fig. 4D) .
Immunoreactive GCH1 protein was abundant in uterine LE/ sGE and GE on Days 10 and 12 of the estrous cycle but decreased thereafter to Day 16 (Fig. 5A) . In pregnant ewes, GCH1 protein was detectable in low abundance in LE/sGE and GE between Days 10 and 20 of pregnancy (Fig. 5A) . In conceptuses, immunoreactive GCH1 protein was very abundant in the nuclei of trophectoderm cells but low in endoderm on Days 13 and 14. Protein was detected primarily in the cytoplasm of both trophectoderm and endoderm between Days 15 and 18 (Fig. 5A) .
Immunoreactive ODC1 protein was abundant in uterine LE/ sGE and GE between Days 10 and 16 of the estrous cycle and most abundant in LE/sGE and GE of pregnant ewes between Days 10 and 16, after which time abundance decreased to Day 20. ODC1 protein was also detectable in stromal cells in uterine endometrium of both cyclic and pregnant ewes. In conceptuses, ODC1 protein was abundant in both trophectoderm and endoderm between Days 13 and 18 of pregnancy (Fig. 5B) .
P4 Stimulates and IFNT Inhibits Expression of NOS1
NOS1 mRNA levels differed between cyclic and pregnant ewes (day 3 status, P , 0.02; quadratic effect of day of pregnancy, P , 0.01; Fig. 1A) ; therefore, effects of P4 and IFNT on steady-state levels of NOS1 mRNA were determined. Steady-state levels of endometrial NOS1 mRNA increased 1.8-fold in response to P4 (P4 þ CX vs. P4 þ ZK þ CX, P , 0.05), but decreased in response to IFNT (P4 þ CX vs. P4 þ IFNT, P , 0.01), and these effects were blocked by the PGR antagonist ZK (P4 þ ZK þ CX vs. P4 þ ZK þ IFNT, P ¼ 0.5; Fig. 6A ). In situ hybridization (Fig. 6B ) revealed that effects of P4 and IFNT on NOS1 mRNA were primarily confined to endometrial LE/sGE and shallow GE. Progesterone also enhanced the levels of total NOS1 protein (Fig. 6C) and Ser852 phosphorylated NOS1 protein (Fig. 6D) . The stimulatory effect of P4 on NOS1 protein was inhibited by ZK (P4 þ CX vs. P4 þ ZK þ CX). In the presence of P4, IFNT reduced total NOS1 protein and Ser852 phosphorylated NOS1 protein (P4 þ CX vs. P4 þ IFNT).
P4 Stimulates GCH1 mRNA and Protein
Expressions of GCH1 mRNA (Fig. 3) and protein (Fig. 5) were affected by pregnancy status; therefore, effects of P4 and IFNT on steady-state levels of the endometrial GCH1 mRNA were examined. GCH1 mRNA was 2.4-fold higher (P , 0.01) in ewes treated with P4 þ CX versus P4 þ ZK þ CX, and it was 4.0-fold higher (P , 0.01) in ewes treated with P4 þ IFNT versus P4 þ ZK þ IFN (Fig. 7A) . There was no difference in GCH1 expression between ewes treated with P4 þ CX and P4 þ IFNT (P ¼ 0.8; Fig. 7A ). In situ hybridization analysis revealed that P4 increased mRNA (Fig. 7B) and protein (Fig.  7C) for GCH1 primarily in endometrial LE/sGE and GE, and that this effect was blocked by the PGR antagonist.
DISCUSSION
We previously reported significant increases in arginine in the uterine lumen of ewes between Days 12 and 16 of pregnancy [11] , as well as temporal and cell-specific changes in expression of transporters for arginine in uterine endometrium and conceptuses [39] . As the next step in these studies, we report for the first time developmental changes in the expression of key enzymes responsible for synthesis of NO and polyamines (Fig. 8 ) in uterine endometria of cyclic and pregnant ewes and peri-implantation conceptuses. The present work also provides initial evidence for effects of early pregnancy (peri-implantation stage), P4, and IFNT on endometrial expression of NOS1, NOS3, GCH1, and ODC1 expression. An important finding of this study is that NOS1 mRNA and protein were more abundant in uterine endometria of ewes treated with P4, but this effect was inhibited by IFNT. This is the first example of a P4-stimulated gene being suppressed by IFNT. Although the mechanism is not known, the inhibitory effect of IFNT requires P4 as this inhibitory effect of IFNT did not occur in ewes treated with the PGR antagonist. A second important finding is that NOS3 mRNA and protein were expressed in ovine uterine endometria independently of effects of P4 and IFNT, but expression was abundant in peri-implantation conceptuses. Finally, GCH1 and ODC1 mRNAs and protein were detected in ovine uterine endometria and conceptuses, with P4 stimulating expression of GCH1 but not ODC1 in ovine uterine endometria. It is important to note that GCH1 is the key enzyme in de novo synthesis of BH4, an essential cofactor for NOS activity, so GCH1 expression is critical for appropriate activity of NOS in support of implantation. In the case of ODC1 mRNA and   FIG. 8 . Nitric oxide and polyamine synthesis from L-arginine. Arginine can be converted to NO by NOS (NOS1, NOS2, and NOS3). BH4 is known to be an essential cofactor for NO synthesis, and GCH1 catalyzes the first and rate-controlling step in de novo synthesis of BH4. L-ornithine, another product of arginine by arginase, can be converted to putrescine, spermine, and spermidine by ODC1, a rate-limiting enzyme in the polyamine-synthetic pathway. Both NO and polyamines are able to regulate implantation, conceptus survival, and development. Progesterone promotes NO production in ovine uterine endometria by stimulating NOS1 and GCH1 expression, whereas IFNT inhibits endometrial NOS1 expression. In addition, P4 may also promote NO production via NOS2 and NOS3 by stimulating GCH1 expression and increasing the availability of BH4. NO, nitric oxide; NOS, nitric oxide synthase; BH4, tetrahydrobiopterin; GCH1, GTP cyclohydrolase; ODC1, ornithine decarboxylase; Cit, citrulline.
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protein, relatively constant translation of mRNA to protein may be required because the half-life of ODC1 protein is about 11 min [40] , and its abundance is regulated through degradation [41] .
NOS1 mRNA [18] and protein [22, 42] are present in nerve fibers in the uteri of nonpregnant rats, but the protein is not detectable during pregnancy or at birth [22] because of the denervation of the uterus during pregnancy [23] . Interestingly, NOS1 protein was not detectable in rat uteri [24] , possibly because of limited antigenicity of the rat NOS1 protein to the antiserum used [43] . Results of the present study indicate expression of NOS1 in ovine endometria (Fig. 1) , which suggests species difference in uterine NOS1 mRNA expression. Among the three isoforms of the NOS, NOS1 was the most abundant in ovine endometria (Fig. 1) , but NOS2 has been reported to be the most highly expressed in rat uteri [18] , whereas NOS2 and NOS3 are more abundant in the uteri of mice [17] . Also of interest is the observation that the stimulatory phosphorylated form of NOS3 decreased in uterine epithelia after Day 12 of the estrous cycle and pregnancy, which corresponds to the time of loss of expression of progesterone receptors in those cells [35] .
There were marked changes in the temporal-spatial expression of NOS2 and NOS3 in uterine endometrium of cyclic and early pregnant ewes ( Figs. 1 and 2 ). Both NOS2 and NOS3 proteins have been reported previously in ovine placenta and uteri in late pregnancy [25] . In that study, NOS3 protein was detected in endothelial cells, as well as uterine LE and GE in intercaruncular areas of uterine endometrium [25] , whereas NOS2 was most abundant in stromal cells, mainly macrophage/ monocyte lineage cells, in intercaruncular areas, and its abundance did not change during late pregnancy [25, 43] . This expression pattern for NOS3 in uterine endometrium of late pregnant ewes [25] is consistent with that for mice [17] , rats [18] , mares [19] , and humans [20] . Patterns of expression for NOS2 appear to be inconsistent among these different species [17] . Because expression of NOS2 in uterine endometia of cyclic and early pregnant ewes is low to undetectable and not affected by pregnancy status, P4, or IFNT, there is little evidence to suggest that NOS2 plays a significant role in NO synthesis in ovine uteri during early pregnancy. Rather, NOS1 and NOS3 most likely influence NO synthesis in endometria of cyclic and pregnant ewes.
Progesterone and estradiol-17b (E2) can regulate uterine NOS activity in different species, including pigs [27] , rats [22, 26, 28, 29] , and mice [17] . In general, effects of estrogen on NOS expression are tissue specific, isoform specific, and possibly species specific. For example, E2 inhibits Nos2 but stimulates Nos3 expression in rat uteri [28] . In the mouse uterus, E2 enhances expression of both Nos2 and Nos3 in LE, GE, and stroma, whereas P4 stimulates expression of both Nos2 and Nos3 in most cell types but suppresses expression of Nos2 in LE [17] . In rat uteri, P4 upregulates Nos2 expression and NO production [29] . Novel findings from the present study are that P4 and IFNT, two key hormones that drive events of early pregnancy in sheep, influence expression of NOS1 in ovine uteri, and that peri-implantation conceptuses express nonposphorylated and phosphorylated forms of NOS1. In contrast to findings from studies of pregnant mice [17] , levels of NOS2 mRNA in ovine endometria were not different between Days 10 and 20 of gestation (see Supplemental Fig.  S1) ; however, expression of ovine NOS2 in caruncular stromal cells adherent to the conceptuses at Day 20 of pregnancy may be comparable to abundant expression of NOS2 in the primary decidual zone surrounding implanting mouse embryos on Day 6 of pregnancy [17] . Thus, NOS2 may be more involved in events associated with placentation. In addition, NOS3 mRNA was more abundant in endothelial cells of the endometrium on Days 14 and 16 of the estrous cycle, when concentrations of E2 in the circulation increase during proestrus and estrus, which is consistent with reports that E2 enhances NOS3 expression in myometrium, caruncles, and endometrium of ovariectomized ewes [30, 44] . Besides E2, P4 alone or P4 and E2 can stimulate NOS3 protein in endothelial cells of the uterine arteries [45, 46] . This suggests that regulation of NOS3 expression is hormone and cell type specific in ovine uteri. In ovariectomized ewes, P4, IFNT, and their combination did not affect expression of NOS2 or NOS3 mRNA and, in fact, the abundance of NOS3 protein and its phosphorylated form decreased in uterine endometria after Day 10 of the estrous cycle and pregnancy but were abundant in conceptuses between Days 13 and 18 of pregnancy (Figs. 2 and 4) . Thus, regulation of NOS expression in the uteri of mammals is highly variable between species, but expression in the conceptus is more consistent between species, and therefore it may be more relevant physiologically for conversion of arginine to NO.
It is very interesting that P4 stimulated and IFNT inhibited NOS1 expression (Fig. 6) . In pregnant ewes, secretion of IFNT begins on Day 10 and reaches highest levels on Day 16 of pregnancy [47] , and during this period, NOS1 mRNA and protein decreased. Further, both total NOS1 and inhibitory p-NOS1 protein tended to increase in uterine LE/sGE and GE between Days 16 and 20 as production of IFNT began to decrease. The increase in abundance of inhibitory p-NOS1 between Days 16 and 20 of gestation may be to suppress effects of an overall increase in total NOS1 protein. These results indicate that NOS1 expression may be regulated at transcriptional, translational, and posttranslational levels. In support of this suggestion, interferon gamma reduces expression of NOS1 mRNA and protein [48] and p-NOS1 [49] . Likewise, the abundance of endometrial NOS1 mRNA and protein decreased in the present study after Days 10 to 12 of pregnancy, whereas the abundance of p-NOS1 protein was greatest between Days 16 and 20 of pregnancy. The inhibitory effects of IFNT may be of physiological significance because too much NO, a potent oxidant, could oxidize macromolecules and damage cellular organelles [50, 51] to affect survival of the conceptus [52] . Although the mechanism by which P4 and IFNT regulate the expression of NOS1 is unknown, it must be explored in future studies.
Although BH4 is an essential cofactor for NO synthesis in cells and tissues [53] , including human placenta [54] , little is known about regulation of its synthesis in conceptuses or endometria of any species during the peri-implantation period. Changes in BH4 availability alone may be physiologically sufficient to affect an increase in NO production in endothelial cells [12] , and we reported that GCH1 activity is correlated positively with NO production in ovine placentae and uterine endometria between Days 30 and 140 of pregnancy [31] .
Results from the present study extend knowledge of GCH1 expression in uterine endometria of cyclic and early pregnant ewes. There were no detectable changes in endometrial GCH1 mRNA due to day of the estrous cycle (Fig. 3A) ; however, GCH1 protein was readily detectable on Days 10 and 12 of the estrous cycle and, importantly, between Days 10 and 20 of pregnancy (Fig. 5A) . Similarly, GCH1 protein is less abundant in endothelial cells of diabetic rats in which GCH1 protein changes occur without changes in GCH1 mRNA, indicating that GCH1 expression may be regulated at transcriptional and translational levels [12] . GCH1 mRNA in endometrium was detectable by in situ hybridization, and changes in immunoactive protein were obvious. Because GCH1 gene expression was 74 stimulated by P4 in the presence and absence of IFNT (Fig. 7) , but endometrial GCH1 protein was not affected by day of pregnancy (Fig. 1C) , factors of either conceptus or maternal origin, including various cytokines [50] , may affect expression of GCH1 protein in endometria of pregnant ewes. During mid to late pregnancy in ewes, NO synthesis in both placental and endometrial tissue is positively correlated with total NOS activity, GCH1 activity, and concentrations of BH4 and NADPH [31] . The underlying mechanisms, including those responsible for dynamic changes of GCH1 activity, need to be elucidated. GCH1 expression at the mRNA and protein levels was very abundant in conceptuses between Days 13 and 18 of pregnancy. The uterus may be responsible for transport of arginine into the uterine lumen for metabolism by ODC1 protein for synthesis of polyamines required for growth and development of conceptuses [11, 39] .
Physiological concentrations of polyamines (putrescine, spermidine, and spermine) are key regulators of implantation [55] , angiogenesis, early embryogenesis, placental trophoblast growth, and embryonic development [56, 57] . ODC1, a ratelimiting enzyme in the polyamine-synthetic pathway in mammalian cells, converts ornithine (a product of arginine hydrolysis by arginase) into putrescine, which is subsequently converted into spermidine and spermine by spermidine synthase and spermine synthase, respectively [16] . However, little is known about ODC1 expression in uterine endometria of species other than mice [55] . In mice, Odc1 expression is weak in endometrial LE but abundant in subluminal stroma at implantation sites [55] . In the present study, both ODC1 mRNA and protein were abundant in uterine LE, sGE, and GE of cyclic and pregnant ewes (Figs. 3 and 5) , which suggests differences in expression of ODC1 in species with varying types of implantation. Ruminants have a protracted periimplantation period [58] compared with rodents. Therefore, temporal and cell-specific changes in expression of ODC1 may favor secretion of polyamines into the uterine lumen to effect growth and development of preimplantation conceptuses. Progesterone stimulates uterine ODC1 activity in hamsters [59] , and in the present study, expression of ODC1 mRNA is weak (Fig. 3) , but ODC1 protein (Fig. 5B) is readily detectable in uterine LE/sGE and GE between Days 10 and 20 of pregnancy and Days 10 and 14 of the estrous cycle. Moreover, the half-life of ODC1 protein is about 11 min in liver [40] , and many factors can regulate its rate of degradation [41] .
In conclusion, mRNA and protein levels for NO synthases (NOS1 and NOS3), GCH1, and ODC1 genes, as well as phosphorylated forms of NOS1 and NOS3 in ovine uterine endometria and conceptuses, undergo temporal and spatial changes during pregnancy. In addition, expression of some of these key genes for NO and polyamine syntheses is coordinately regulated by P4 and/or IFNT in a cell-specific manner. We previously reported preferential transport of arginine into the lumen of the pregnant uterus [11] . Results of the present study indicate that ovine uteri and conceptuses express key genes for conversion of arginine into NO and polyamines to affect vascular changes in the conceptus and uterus, as well as ODC1 for production of poylamines required for cell and tissue growth. Both of these functions are critical to the growth and development of conceptuses and the implantation and survival of conceptuses in mammals.
